Background and Purpose-Cognitive dysfunction occurs in 9% to 23% of patients during the first month after carotid endarterectomy (CEA). A 4-basepair (AAAT) tandem repeat polymorphism (either 3 or 4 repeats) has been described in the promoter region of inducible nitric oxide synthase (iNOS), a gene with complex roles in ischemic injury and preconditioning against ischemic injury. We investigated whether the 4-repeat variant (iNOS ϩ ) affects the incidence of cognitive dysfunction after CEA. Methods-One-hundred eighty-five CEA and 60 spine surgery (control) subjects were included in this nested cohort analysis. Subjects underwent a battery of 7 neuropsychometric tests before and 1 day and 1 month after surgery. Multivariate logistic regression analyses were performed to determine if the iNOS promoter variant was independently associated with the incidence of cognitive dysfunction at 1 day and 1 month. Further, all right-hand-dominant CEA subjects were grouped by operative side and performance on each test was compared between iNOS ϩ and iNOS Ϫ groups. Results-Forty-four of 185 CEA subjects had at least 1 iNOS promoter allele containing 4 copies of the tandem repeat (iNOS
C ognitive deterioration occurs in 9% to 23% of people within 1 month of carotid endarterectomy (CEA). 1, 2 Although the mechanism of this cognitive dysfunction is likely multifaceted, cerebral ischemia or ischemiareperfusion injury likely plays a role because the operative carotid artery is cross-clamped for a period of Ϸ30 to 60 minutes during the procedure.
The presence of at least 1 apolipoprotein E (ApoE)-4 allele has been linked to increased risk for cognitive dysfunction after CEA. 3 However, no associations have been reported between cognitive performance after CEA and genetic factors that likely play a direct role in ischemic injury or protection against ischemic injury. One such genetic factor may be a previously described polymorphism in the promoter region of the inducible nitric oxide synthase (iNOS) gene (NOS2A), 4 a gene with complex roles in ischemic injury 5 and ischemic and volatile anesthetic preconditioning against ischemic injury. 6, 7 In the population studied, this polymorphism occurred as either 3 or 4 copies of a 4-basepair (AAAT) tandem repeat located 0.7 kb 5Ј to the coding region, and the 4-copy variant (iNOS ϩ ) was demonstrated to induce a 25-fold gain-offunction in transfected human embryonic kidney cells. 8 We present a study demonstrating that the 4-copy variant of this iNOS promoter polymorphism (iNOS ϩ ) affords protection against moderate/severe cognitive dysfunction 1 month after CEA. If this variant is indeed a gain-of-function, we propose that increased iNOS expression may be affording iNOS ϩ subjects enhanced cerebral ischemic tolerance via mechanisms consistent with volatile anesthetic preconditioning, an iNOS upregulation-dependent process. 7 
Materials and Methods

Subjects
This is a Columbia University Medical Center Institutional Review Board-approved, nested cohort analysis of 185 CEA and 60 lumbar spine surgery (laminectomy or microdiscectomy; control group) subjects who gave informed consent for genetic testing. These subjects represent a subgroup of an ongoing study of cognitive change after CEA. [1] [2] [3] Only patients who were able to complete neuropsychometric (NP) tests in English and who had no history of axis I psychiatric disorders were enrolled. Because the majority of CEA patients are elderly, only spine surgery control subjects at least 60 years old were included.
Surgery and Anesthesia
All subjects received general anesthesia with routine monitoring as per normal procedure and as described previously. 1 For the CEA subjects, this involved maintenance of anesthesia with a potent inhalational agent (isoflurane, end-tidal 0.6Ϯ0.1%; or sevoflurane, end-tidal 1.0Ϯ0.5%; with 70% nitrous oxide for Ϸ45 minutes before carotid artery cross-clamping). Intraoperative electroencephalography was used to monitor for significant cerebral ischemia during CEA procedures. A shunt was placed electively after carotid artery cross-clamping only if there was electroencephalographic evidence of cerebral ischemia.
iNOS Promoter Polymorphism and ApoE Genotyping
DNA was extracted from buffy coat samples. The number of 4-basepair (AAAT) tandem repeats in the iNOS promoter region was determined by polymerase chain reaction amplification and sequencing, as described elsewhere. 9 Subjects homozygous or heterozygous for the 4-copy variant were considered as 1 group (iNOS ϩ ), and subjects without a 4-copy variant allele were considered as another (iNOS Ϫ ). ApoE genotypes were determined by polymerase chain reaction amplification and restriction fragment length polymorphism analysis, as described elsewhere, 10 and subjects were grouped by the presences or absence of at least 1 ApoE-4 allele. 11 before and 1 day and 1 month after surgery. Subjects completed either Hopkins Total Recall or Buschke Selective Reminding Test Sum Total Recall, but not both, depending on the year of enrollment (both are tests of verbal learning and memory; 68% of subjects completed Buschke Selective Reminding Test). This battery offers a broad assessment of higher cortical functioning.
NP Evaluation
Statistical Analysis
As described previously, 1, 3 each NP test was scored individually for CEA and control (spine surgery) subjects. For each test and patient at 1 day and 1 month, a change score was calculated by subtracting the preoperative score from the 1 day and 1 month score. Each change score was converted to a z-score as follows:
Z-scoreϭ(change scoreϪmean change score controls )/standard deviation of change scores controls .
Negative z-scores indicate poorer performance relative to the control mean. Z-scores were then converted to "deficit points" for each test as follows: z-score ϾϪ0.05ϭ0; z-score between Ϫ0.5 and Ϫ1.0ϭ1; z-score between Ϫ1.0 and Ϫ.5ϭ2; z-score between Ϫ1.5 and Ϫ2.0ϭ3; z-score between Ϫ2.0 and Ϫ2.5ϭ4; z-score between Ϫ2.5 and Ϫ3.0ϭ5; and z-score ϽϪ3.0ϭ6 deficit points. Deficit points were then averaged across all 7 NP tests for each patient to generate an "average deficit score" at 1 day and 1 month (higher scores indicate poorer cognitive performance). By averaging deficit points across NP tests, we adjusted for patients who refused or were unable to complete 1 or 2 tests (only patients completing at least 5 tests were included in this analysis to insure average deficit scores represented broad assessments of cognitive function). Subjects were categorized as having "severe cognitive dysfunction" at 1 day or 1 month if their average deficit score was at least 2 standard deviations higher than the mean of the spine surgery control group and as having "moderate/severe cognitive dysfunction" if their average deficit score was at least 1.5 standard deviations higher than the mean of the control.
Key demographic and perioperative variables and baseline NP test scores were compared between the iNOS Ϫ and iNOS ϩ CEA groups using parametric (Student t tests for continuous and 2 tests for categorical variables) or nonparametric tests (Mann-Whitney U test for continuous and Fisher exact test for categorical variables) as appropriate ( Table 1 ). The iNOS promoter polymorphism genotypes were assessed for Hardy-Weinberg equilibrium by 2 analysis. Average deficit scores and incidence of moderate and severe cognitive dysfunction at 1 day and 1 month were compared between the iNOS Ϫ and iNOS ϩ CEA groups using Mann-Whitney U test and Fisher exact tests as appropriate.
As the primary analysis, multivariate logistic regression analyses were performed to determine if iNOS promoter polymorphism variant influenced the incidence of severe (Table 2 ) and moderate/ severe (Table 3) cognitive dysfunction 1 day and 1 month after surgery while controlling for variables previously reported to affect cognitive performance in CEA and other surgical populations (age, 2,3,12 years of education, 12 obesity, 3 presence of ApoE-4 allele, 3 diabetes mellitus, 2,3 and history of a cerebrovascular accident 12 ). All variables were initially included in the model and stepwise reverse elimination was subsequently performed until only those variables achieving PϽ0.10 in the multivariate model remained.
To determine if hemisphere-specific cognitive effects of iNOS promoter variant exist, all right-hand-dominant CEA subjects were grouped by operative side and z-scores for each test at 1 day and 1 month were compared between iNOS ϩ and iNOS Ϫ groups using Mann-Whitney U tests (Table 4) .
Results
All study subjects possessed only alleles with 3 or 4 copies of the AAAT tandem repeat in the iNOS promoter. Forty-four of 185 CEA subjects (23.8%) were found to be iNOS ϩ (42 heterozygous, 2 homozygous for 4 copies). The 4-copy allele frequency (0.12) was similar to other published reports in Australian (0.14), 13 British (0.15), 4 Figure, A) . However, significantly fewer iNOS ϩ CEA subjects had moderate/severe cognitive dysfunction at 1 month (Figure, B) .
The primary analysis, multivariate logistic regression analyses of cognitive dysfunction, demonstrates that iNOS ϩ Covariate P are from Wald tests and whole model P are from likelihood ratio tests.
Only those variables with OR and P listed remained after reverse elimination. OR for age are presented as per year. *Statistically significant.
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status was not significantly associated with presence of severe cognitive dysfunction 1 day or 1 month after CEA (Table 2 ). However, iNOS ϩ was significantly protective against moderate/severe cognitive dysfunction at 1 month (Pϭ0.03; Table 3 ).
Test-by-test z-score analysis of all right-hand-dominant CEA subjects was performed. Right-hand-dominant iNOS ϩ subjects undergoing right-side CEA performed significantly better than iNOS Ϫ subjects on the Copy Portion of Rey Complex Figure Test at 1 day and 1 month. Right-handdominant iNOS ϩ subjects undergoing left-side CEA perform significantly better than iNOS Ϫ subjects on Buschke Selective Reminding Test at 1 day and 1 month. At 1 month, right-hand-dominant iNOS ϩ subjects undergoing left-side CEA subjects also performed better than iNOS Ϫ subjects on the Copy Portion of Rey Complex Figure Test (Table 4) . By definition, the mean z-scores of the control group were zero for each test.
Discussion
Multivariate analyses demonstrate that a polymorphism (4 copies of a tandem repeat [AAAT]) in the promoter region of iNOS ϩ provides protection against moderate/severe cognitive dysfunction 1 month after CEA endarterectomy independent There was no significant difference in the incidence of cognitive dysfunction between iNOS ϩ and iNOS Ϫ subjects at 1 day or 1 month (A). However, significantly fewer iNOS ϩ subjects had moderate/severe cognitive dysfunction at 1 month by Fisher exact test (B). Bar graph shows incidence of severe and moderate cognitive dysfunction for all, iNOS Ϫ , and iNOS ϩ carotid endarterectomy patients 1 day and 1 month postoperatively.
of previously reported potential risk factors for poorer postoperative cognitive function. Furthermore, test-by-test analysis suggests that this protection is "hemisphere-specific," because it protects visuospatial function (Copy Portion of Rey Complex Figure) in right-side-dominant CEA subjects and language function/verbal learning and memory (Buschke Selective Reminding Test) in left-side CEA subjects. This "hemisphere-specific" effect supports the possibility, given the known role of iNOS in ischemia and cerebral preconditioning, that the protection afforded by the iNOS ϩ allele relates to cerebral ischemia. The hemisphere-specific effect may also explain why the overall protection afforded by iNOS ϩ status was only significantly protective against moderate/severe cognitive dysfunction, not severe cognitive dysfunction, because severe dysfunction potentially requires injury to more diffuse neuroanatomical and corresponding cognitive domains. iNOS ϩ left-side CEA subjects also performed better on the Copy Portion of Rey Complex Figure at 1 month, which would not be predicted when considering lateralization of cognitive function. However, both iNOS ϩ and iNOS Ϫ groups performed insignificantly better than controls (Pϭ0.07 and Pϭ0.78, respectively) on this test at 1 month (both groups had positive mean z-scores). This evidence of more "widespread" cognitive protection or improvement at 1 month may explain why iNOS ϩ status was only shown to be a significantly protective against cognitive dysfunction at 1 month, not 1 day, in multivariate analyses. Because left-side CEA patients performed better on Buschke Selective Reminding Test at 1 day and 1 month, one might also expect them to perform significantly better on Hopkins Total Recall, a similar test. However, fewer subjects completed the Hopkins Total Recall than Buschke Selective Reminding, diminishing the ability to detect a statistical difference. Further, Buschke Selective Reminding Test, an intensive test involving 12 trials of verbal reminding/learning, is a more sensitive measure than Hopkins Total Recall (however, patients find it more difficult and therefore it is inconvenient to administer and complete; thus, we switched tests in our battery during recruitment of subjects for this study).
Transient transfection experiments in human embryonic kidney 293 cells have demonstrated that the iNOS ϩ allele is associated with a 25-fold gain-of-function. 8 If the polymorphism is indeed a gain-of-function in iNOS Ϫ expressing cells in the brain, the mechanism of protection seen in data presented here may be consistent with known mechanisms of "delayed-phase" ischemic and volatile anesthetic preconditioning. Briefly, repeated transient ischemic exposures and volatile anesthetics have been shown to protect the brain, 6, 7, [15] [16] [17] heart, 18 -20 kidney, 21, 22 and retina 23 from injury resulting from subsequent significant ischemic insults. Furthermore, animal model studies have shown that this protection is dependent on an increase in iNOS expression 7, 17, 19 and that specific iNOS inhibitors 6,7,16 -18, 20 or iNOS gene knockouts 6, 16, 24, 25 completely abolish the protective effect. In addition, there is evidence that increased iNOS expression is sufficient for preconditioning (ie, without previous transient ischemic or volatile anesthetic exposures), at least with regard to the myocardium, as iNOS overexpression by gene therapy before left anterior descending artery occlusion decreases infarct size in rodent hearts (similar to preconditioned animals). 26 To the extent that they are understood, the mechanisms of volatile anesthetic preconditioning appear to be similar in the brain and heart.
The downstream mechanisms by which increased iNOS expression and the resultant increased nitric oxide production protect against ischemic injury are still unclear. However, there is evidence suggesting that preconditioning protects mitochondrial integrity during ischemic stress. 6, [27] [28] [29] [30] [31] Further, increased neurogenesis in the adult rodent dentate gyrus after ischemic injury has been shown to be iNOS expression-dependent. 32 Thus, if the iNOS promoter polymorphism in question has a gain-of-function effect, we could hypothesize that the iNOS ϩ subjects may have better cognitive outcomes because they are "preconditioned at baseline" secondary to increased basal iNOS expression. Although iNOS is commonly thought to be expressed when "induced," the human embryonic kidney cell experiments referenced suggest that the iNOS ϩ allele may lead to higher basal expression. 8 Alternatively, it is possible that iNOS expression is "more inducible" in iNOS ϩ subjects, and hence they are afforded preconditioning protection even though they only receive volatile anesthetics for Ϸ45 minutes before cross-clamp (near the lower limit of the time necessary to produce preconditioning protection before ischemic insult in animal models 15 ) at Ϸ0.6% (for patient receiving isoflurane; lower concentration than tested in animal models 15 ).
It is interesting to note that there is clinical evidence suggesting that the iNOS ϩ genotype may be associated with a "high-iNOS" state, because the polymorphism has been linked to conditions with key elements of inflammatory pathophysiology: giant cell arteritis, 33 increased severity of diabetic nephropathy, 8 and increased severity of coronary artery disease. 34 Further studies are needed to investigate the potential link between the iNOS ϩ genotype and preconditioning-like mechanisms of cerebral ischemic protection. Notably, the polymorphism has only been described as a gain-of-function in transient transfection assays in human embryonic kidney cells, in which the promoter variants were driving reportergene expression. 8 Thus, the phenotype of this promoter variant is unknown in the cell types that likely express the iNOS that is thought to contribute to cerebral preconditioning (cerebrovascular endothelial cells 6 ). Further, even if iNOS transcription is increased in the appropriate cells in iNOS ϩ subjects, it is not known if this increased expression leads to increased amounts of functional protein or activity.
A limitation of this, and all other, studies of postoperative cognitive change is that terms such as "cognitive dysfunction" are somewhat subjective and are not universally defined. 35 Two points pertaining to this issue need to be addressed. First, we previously published a report (which included a minority of the subjects included in this analysis) that the presence of at least 1 ApoE-4 allele leads to an increased likelihood of cognitive dysfunction after CEA, a finding that is not confirmed by multivariate analysis here. This previous study included a battery of 5 NP tests that form a subset of the 7 tests presented here, so the extent of ApoE-4-positive subjects' "dysfunction" may have been diluted by the inclusion of 2 more tests (these 2 tests, Immediate Recall Portion of Rey Complex Figure and Hopkins Total Recall/Buschke Long-Term Retrieval, were not included in the previous study because they were not administered to a significant number of the participating subjects). Further, the inclusion of another variable, iNOS promoter variant, in the multivariate models of cognition after CEA may have caused ApoE-4 status to lose significance at 1 month. Consistent with these notions, the presence of at least 1 ApoE-4 allele has been shown to both affect 36 and not affect 37 postoperative cognition in studies of different surgical populations completed by independent groups. Second, to address the issue of subjectivity and variability in the categorization of postoperative cognitive outcomes, we present analysis of both "moderate/severe" and "severe" cognitive dysfunction.
Although cerebral precondition against ischemic damage has long been discussed and carotid endarterectomy has been noted as a potential area of its application, 15 this may be the first demonstration to our knowledge of the cerebroprotective effects of "preconditioning-like" mechanisms in humans.
